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OPTIMIZATION OF BZCYYB SYNTHESIS 
PRIORITY CLAIM 
This application claims priority to 61/540,320, filed Sep. 
28, 2011, and expressly incorporated by reference herein in 
its entirety. 
FIELD OF THE INVENTION 
10 
2 
Thus, in order to make SOFCs fully fuel-flexible and cost-
effective power systems, the issues of anode tolerance to 
coking and sulfur poisoning, slow ionic conduction in the 
electrolyte and sluggish kinetics at the cathode need to be 
addressed. In a broader scientific context, the chemical and 
electrochemical mechanisms that lead to both of these issues 
and the phenomena that could prevent them should be inves-
tigated in order to best optimize the materials and micro struc-
ture of SOFCs for excellent performance and stability. 
Oxygen ion conductors have been the conventional con-
ductors for electrolyte use in SOFC (see e.g. the reactions 
shown in Table 1 ). The prevailing material for an oxygen ion 
type solid electrolyte is yttria-stabilized zirconia (YSZ). Con-
The invention relates to a method for preparing electrolyte 
and electrode materials to be used in Solid Oxide Fuel Cells 
(SOFCs), and particularly to a method for optimizing the 
preparation of materials to be used in SOFCs that have both 
high purity and electrical conductivity. 
BACKGROUND OF THE INVENTION 
15 sequently, the high operating temperature of SOFCs is nec-
essary because the ion conductivity is only satisfactory when 
the operating temperature is, for example, higherthan 7 50° C. 
The demand for clean, secure, and renewable energy has 
stimulated great interest in fuel cells. Fuel cells are one dis-
tinct category of devices that are capable of converting chemi-
20 
However, today both proton and mixed ion conductors are 
also available for SOFC use. Proton-conducting electrolytes 
have the advantages of high proton conductivity and low 
activation energy at intermediate temperatures, which may 
widen the selection of materials to be used in SOFC. Addi-
cal energy into electrical energy. Among the fuel cells that are 
currently under active development, the alkaline fuel cell, the 
polymeric-electrolyte-membrane fuel cell and the phospho-
ric-acid fuel cell all require essentially pure hydrogen as the 25 
fuel to be fed to the anode. 
tional advantages of proton-conducting electrolytes include 
water being generated in the cathode side of the SOFC, thus 
avoiding fuel dilution at the anode side. The reaction chem-
Solid Oxide Fuel Cells (SOFCs), on the other hand, are a 
type of fuel cells that use a solid, mostly ceramic and inor-
istry and examples of oxygen-ion conductors and proton con-
ductors are shown in Table 1: 
Type of conductor 
Anode 
Cathode 
Overall 
Advantages 
Disadvantages 
Examples 
TABLE 1 
Oxygen ion and proton conductors 
Oxygen ion 
H2 + 0 2- ~ H20 + 2e-1 
CO+ 0 2- ~ C02 + 2e-
02 + 4e- ~ 202-
2H2 + 0 2 ~ 2H20/ 
2CO + 0 2 ~ 2C02 
H20, C02 and high temperatures at 
anode (fuel side) facilitates reforming of 
hydrocarbon fuels to H2 and CO 
High operating temperature degrades 
system components and adds to cost 
H20 formed at anode dilutes fuel 
Yttria-stabilized zirconia (YSZ) 
Samarium doped ceria (SDC) 
Gadolinium doped ceria (GDC) 
Scandia stabilized zirconia (ScSZ) 
Strontium and magnesium doped 
lanthanum gallate (LSGM) 
Proton 
2H+ + 2e- + 1/2 0 2 ~ H20 
2H2 + 0 2 ~ 2H20 
No fuel dilution 
Intermediate operating temperature 
Reforming at anode (fuel side) lost 
Y-doped BaZr03 (BYZ) 
Calcium-doped lanthanum niobate 
(LCaNb) 
Y-doped BaCe03 (BCY) 
Barium-zirconium-ceriwn-yttriwn 
(BZCY) 
Yttrium- and ytterbium-doped barium-
zirconate-cerate (BZCYYb) 
Scandia doped BZCY (BZCYSc) 
The third option is to tailor the proton and oxygen ion 
transference number of the mixed ion conductor, allowing 
ganic oxides, as the electrolyte of a cell. The solids typically 
are not conductive until they reach high temperature, but the 
high temperatures also allow reforming of low molecular 
weight hydrocarbons, therefore the fuel processing reaction 
can be carried out within the cell stacks without additional 
fuel processors. SOFCs thus offer great promise for the effi-
cient and cost-effective utilization of a wide variety of fuels 
such as ethanol and methane, coal gas and gasified biomass. 60 
55 C02 to form on the fuel side while allowing most of the H20 
to form on the air side. The class of mixed proton and oxygen 
ion conductors holds great potential for a new generation of 
low temperature SOFCs. However, to date the ideal mixed 
ionic conductor has not been found. 
The above-mentioned electrolytes generally have a perovs-
The major hurdle to fuel flexibility is the vulnerability of 
the state-of-the-art Ni-YSZ (yttria-stabilized-zirconia) anode 
materials to coking and sulfur poisoning. In addition, the high 
operating temperatures of SOFCs, stemming from the low 
ionic conductivity of the electrolyte materials and the poor 
performance of the cathode materials at lower temperatures, 
increase costs and reduce the system operation life. 
kite structure with chemical formula ABX3 , wherein the A 
and B atoms are cations with different sizes and Xis an anion 
bonding to each cation. Usually the A atom is larger than the 
B atom, and the relative ion size is crucial to the stability of the 
65 resulting structure. To alter the physical and chemical prop-
erties of a perovskite substance, doping at either A or B site of 
the structure has been attempted. 
US 8,993,200 B2 
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Recent developments in solid electrolytes, especially in the 
area of increasing the ion conductivity at lower temperature, 
include reducing the thickness of the solid electrolyte so that 
the distance between the cathode and anode is shorter for the 
oxygen ions to travel. However, the thinner materials are 
more likely to break. 
4 
The mole ratios of dopants x, y, z can vary from >O to <l, 
but preferably x and z are 0.01-0.5 with y making the remain-
der if no other dopants are present. One preferred BZCYYb is 
BaZr0 _1Ce0 _7Y0 _1Yb0 _10 3 _0 . Preferably, the Zr is kept low 
(e.g., about 0.1) to avoid loss of conductivity, while still 
stabilizing the material. 
Other improvement includes changes of composition or 
doping with additional materials to increase the ion conduc-
tivity at lower temperatures. 
For example, doped ceria is one of the most promising 
electrolyte materials that has the potential of sufficient ion 
conductivity at temperatures lower than 650° C. However, 
other issues of this material need to be addressed before it can 
Therefore, the present invention provides a novel method 
for preparing a BZCYYb electrolyte material to be used in a 
SOFC. The method can also be used to prepare anode and 
10 
cathode materials to be used in a SOFC by adding additional 
material to the specially prepared BZCYYb material, such as 
NiO (anode) or LSCF (cathode). 
In more detail, the present invention provides a method of 
be commercially employed, such as electric conduction and 
poor mechanical integrity. 
Based on the fact that doped barium cerate exhibits a high 
ionic conductivity but poor chemical stability, while doped 
barium zirconate based materials have superior chemical and 
thermal stability but low conductivity, it has been proposed to 
replace a fraction of Ce in BaCe03 with Zr. This type of solid 
solution is expected to exhibit high proton conductivity and 
excellent chemical and mechanical stability, as well as high 
ionic transference number over a wide range of conditions. 
15 preparing a single-phase pure BZCYYb electrolyte material 
by firstprovidingthe following ingredients: i) barium carbon-
ate powder and zirconium oxide powder having particle 
diameters in the nanometer range, ii) cerium oxide powder 
having particle diameter in the micrometer range, and iii) 
20 ytterbium oxide powder, and yttrium oxide powder having 
particle diameter in the nanometer range. The mixture is 
ball-milled and then calcined to a high temperature, prefer-
ably higher than 1000° C. If necessary, the calcined mixture 
can be ball-milled again, and calcined again. 
In the present method, it is crucial to have zirconium oxide 
powder having particle diameters in the nanometer range and 
the cerium oxide powder having particle diameter in the 
micrometer range, because this optimizes the doping reaction 
of all the ingredients such that the resulting product has a pure 
Yttrium- and ytterbium-doped barium-zirconate-cerate or 25 
"BZCYYb" is a mixed protonic and oxygen ionic conducting 
electrolyte that has demonstrated good conductivity. How-
ever, under most conditions, the proton conductivity is far 
greater than the oxygen ion conductivity. Furthermore, the 
material tolerates hydrogen sulfide in concentrations as high 30 single-phase perovskite structure. In a preferred embodiment, 
the zirconium oxide powder has particle diameters between 
50 and 200 nanometers. In another preferred embodiment, the 
cerium oxide powder has particle diameters between 1 and 10 
micrometers. 
as 50 parts-per-million, does not accumulate carbon and can 
operate efficiently at temperatures as low as 500° C. 
US20100112408 discloses the preparation of 
BaZr0 _1Ce0 _7 Y 0 _2 -x Ybx03 _,,, by mixing all the ingredients fol-
lowed by calcination. This preparation method, however, is 35 
not optimized to give the best performance ofBZCYYb, and 
thus, there is considerable room for improvement. 
Thus, what is needed in the art are better materials for use 
in SOFCs, which have both excellent ion conductivity at 
lower operating temperatures, but still maintain chemical and 40 
mechanical stability under the conditions of use. 
SUMMARY OF THE INVENTION 
Any means known in the art can be used to prepare nano-
and micro-sized powders for use, and common methods 
include some type of grinding optionally followed by size 
sifting. E.g., Gateshki M. & Petkov V., Atomic-scale structure 
of nanocrystalline Zr02 prepared by high-energy ball milling 
Physical Review B 71, 224107 (2005). 
However, it is also know in the art how to synthesize 
nano-sized crystals. E.g., Chang Y. et al., Synthesis of mono-
disperse spherical nanometer Zr02 (Y203) powders via the 
coupling route ofw/o emulsion with urea homogenous pre-
It is well known that the electrical conductivity of barium 
cerate based materials exquisitely depends on the fabrication 
methods. The objective of our effort was to eliminate the 
impurity phases to further enhance the conductivity of the 
BZCYYb electrolyte materials. 
45 cipitation, Materials Research Bulletin 47(3): 527-531 
(2012); Wang J. et al., Synthesis and Characterization of 
Core-shell Zr02/PAAEM/PS Nanoparticles, Nanoscale Res 
Lett. 4(3): 240-246 (2009); Xu X. & Wang X., Fine Tuning of 
the Sizes and Phases of Zr02 Nanocrystals, Nanoscale 
Thus, the present invention provides a method for prepar-
ing BZCYYb electrolyte material that has higher conductiv-
50 Research Letters Nano Res 4(3): 240-246 (2009), and the 
like. 
ity than the same material prepared by conventional methods. 
Unlike the prior art methodologies, which do not select the 
particle size of ingredients, the method used herein requires 
selecting the particle size of the ingredients, and by such 55 
selection the resulting electrolyte shows surprisingly higher 
ionic conductivity and power density than those prepared by 
conventional methods. 
Inventors of the present invention have proposed that 
BaZrl-x-y-zCex YY Yb2 0 3_0 (where x, y z are dopant levels and 60 
O<x+y+z<l, and delta is the oxygen ion deficit) (herein called 
"BZCYYb") can have excellent ion conductivity at tempera-
ture lower than 750° C., while maintaining chemical and 
mechanical stability under operating conditions ofSOFCs. In 
fact, the Yb and Y co-doped BZC conductor demonstrated the 65 
highest electrical conductivity below 750° C. ever reported 
among the electrolyte materials in SOFCs. 
The present invention further provides a BZCYYb pre-
pared by the method described above, and a solid electrolyte 
comprising same. Additionally, the present invention also 
provides a solid oxide fuel cell comprising a BZCYYb elec-
trolyte that is prepared by the method described above. 
The cathode and anode materials can be any known in the 
art that are compatible with BZCYYb electrolytes. Some 
exemplary SOFC anode/electrolyte/cathode materials 
include Ni-BZCYYblBZCYYblPBCO, NiO-BZCYYb/ 
BZCYYb/LSCF-BZCYYb cathode; Ni-BZCYYb/Ni-
BZCYYb/BZCYYb/SFSb (quad layer SOFC); BZCYYb/ 
BZCYYb/PBC-BCPY. 
The use of the word "a" or "an" when used in conjunction 
with the term "comprising" in the claims or the specification 
means one or more than one, unless the context dictates 
otherwise. 
US 8,993,200 B2 
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The term "about" means the stated value plus or minus the 
margin of error of measurement or plus or minus 10% if no 
method of measurement is indicated. 
The use of the term "or" in the claims is used to mean 
"and/or" unless explicitly indicated to refer to alternatives 
only or ifthe alternatives are mutually exclusive. 
The terms "comprise", "have", "include" and "contain" 
(and their variants) are open-ended linking verbs and allow 
the addition of other elements when used in a claim. 
The following abbreviations are used herein: 
BCPY 
BCY 
BYZ 
BZCY 
BZCYSc 
BZCYYb 
GDC 
LCaNb 
LSCF 
LSGM 
LSM 
nm 
ocv 
PBC 
PBCO 
PBFO 
Seem 
ScSZ 
SDC 
SF Sb 
SOFC 
SSC 
YSZ 
µrn 
Yttriwn- and praseodymiwne-doped barium-cerate e.g., 
Ba(Ce0.4Pr0 .4 Y 0 2 )03 _ 0 
Y-doped BaCe03 
Y-doped BaZr03 
Yttriwn doped bariwn-zirconate-cerate BaZrCeY e.g., 
BaZr0 .1Ce0 .7Y 0.2 0 3_ 0 
Scandia doped BZCY 
Yttriwn- and Ytterbium-doped Barium-Zirconiwn-Cerate, 
e.g., BaZr1_x-y-zCexYyYbz03_ti, e.g., 
BaZr0 .1Ce0 .7Y0 .1 Yb0.i03 _ 0 
Gadolinium doped ceria 
Calcium doped lanthanum niobate 
Lanthanum strontiwn cobalt ferrite, e.g., 
La1_xSrxCo l-yFeY03_b e.g., La0 _6Sr0 _4 Co0 _2 F e0 _80 3_b 
Strontium and magnesium doped lanthanum gallate 
Strontium-doped lanthanum manganite e.g., 
Sr-LaMn03 , La1_xSrxMn03 _b e.g., 
Lao.s3Sro.1sMn03-b 
nanometer 
Open circuit voltage 
Praseodymium-doped Barium Cobalt Oxide e.g., 
PrBaCo20s+b 
See PBC 
Praseodymium-doped Bariwn Ferrites e.g., 
PrBaFe20s+b 
Standard Cubic Centimeters per Minute 
Scandia-stabilized zirconia 
Samarium doped ceria 
Antimony-doped strontiwn iron oxide, e.g., 
SrFexSbY03_ 0 e.g., SrFe0 .9Sb0 .10 3_ 0 
Solid Oxide Fuel Cells 
Strontium-doped sarnariwn cobaltite e.g., 
Sm0 _5Sr0 _5Co03_b 
Yttria-stabilized zirconia 
micrometer 
Where x, y z are dopant levels and 0 < x + y + z < 1, and delta is the oxygen ion deficit 
As used herein "nanometer range" is defined as between 1 
and 1000 nanometers, preferably 10-500 nm, most preferred 
50-200 nm. As used herein, nano-sized refers to an amount 
falling within the above defined range for nanometer. As used 
herein, "micrometer range" is defined between 1 and 1000 
micrometers, preferably between 1-100 microns, most pre-
ferred between 1-20 microns. As used herein, micro-sized 
refers to an amount falling within the above defined range for 
micrometer. 
When a size is referred to, what is meant is the average 
particle size, with a range of sizes of =/-10%, preferably 
+/-5%. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 shows XRD patterns comparing the BZCYYb pow-
ders fabricated from Ce02 and Zr02 powders of different 
ranges of diameter. 
10 
15 
6 
FIG. 4 shows the cross-sectional SEM images of (a) anode-
supported tubular SOFCs; (b) the electrolyte/electrode inter-
face; ( c) the electrolyte layer; ( d) the anode layer. 
FIG. 5 shows the current-voltage characteristics and the 
corresponding power densities for tubular SOFCs measured 
at 600-750° C. when ambient air was used as oxidant and 
hydrogen as fuel, in which the electrolyte of the tubular 
SOFCs is the BZCYYb prepared by the present invention. 
DESCRIPTION OF EMBODIMENTS OF THE 
INVENTION 
An improved method of making a BZCYYb is provided by 
mixing and calcining the ingredients thereof, wherein said 
improvement comprises using nano-sized zirconium oxide 
20 powder and micrometer sized cerium oxide powder as start-
ing ingredients. The BZCYYb made by the method is another 
aspect of the invention, as are anodes, cathodes and electro-
lytes comprising the single phase BZCYYb of the invention, 
25 
30 
35 
40 
and SOFC comprising one or more of same. 
In another embodiment, the present invention provides a 
novel combination of cerate and zirconium oxide particles of 
diameters in the micrometer and nanometer ranges, respec-
tively, used to make BZCYYb containing materials. 
Preferably, the nanometer sized zirconium oxide powder is 
<500, preferably or 50-200 nm, most preferred about 5-10 
nm. The diameter of the micrometer sized cerium oxide pow-
der is preferably between 1-100 µm, most preferred about 
1-20 µm or 5-10 µm. 
In the present method, the calcining step is carried out at 
preferably higher than 1000° C. in air for 10 hours. However, 
the temperature and the length of calcination can vary, 
depending on different factors to be considered, such as the 
particle size chosen. 
In more detail, the invention is a method for preparing a 
homologous or single phase BZCYYb, comprising the steps 
of obtaining the following ingredients in stoichiometric 
amounts: i) barium carbonate powder and zirconium oxide 
45 powder having average particle diameters in the nanometer 
range, ii) cerium oxide powder having average particle diam-
eter in the micrometer range, and iii) ytterbium oxide powder 
and yttrium oxide powder. The ingredients are then mixed, 
preferably with an evaporatable solvent such as EtOH or 
50 MeOH and preferably vigorously mixed e.g., by grinding or 
ball milling or otherwise. The mixture is then calcined for a 
suitable time. The calcined material can be re-ground and 
re-calcined if desired. The resulting single phase BZCYYb 
can be used as an electrolyte, or as an electrode, e.g., by 
55 adding NiO or LSCF thereto. 
The resulting BZCYYb has an ionic conductivity of about 
0.03 S·cm-1 at about 600° C. and about 0.09 S·cm-1 at about 
800° C. 
The following discussions are illustrative only, and are not 
60 intended to unduly limit the scope of the invention. 
Preparation ofBZCYYb 
FIG. 2 shows XRD patterns ofBZCYYb pellets fabricated 
from Ce02 and Zr02 powders of different ranges of diameter. 65 
FIG. 3 shows the ionic conductivity ofBZCYYb fabricated 
from Ce02 and Zr02 powders of different ranges of diameter. 
The Ce02 and Zr02 powders with different particle sizes 
were used to optimize the fabrication procedures. The size 
ranges that were tested are given in Table 2: 
US 8,993,200 B2 
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TABLE2 
Starting materials for material synthesis 
Sample 
Sample A 
Sample B 
Sample C 
-200 nm 50-100 nm 
1-2 um 
1-2 um 
-5 um 100-200 nm 100-200 nm 
-200 nm -10 nm 100-200 nm 100-200 nm 
-200 nm -5 um 100-200 nm 100-200 nm 
10 
To make the test materials, stoichiometric molar amounts better purity than the BZCYYb prepared by conventional 
methods. The ionic conductivity of the single phase BZCYYb 
is measured next. 
Comparison of Conductivity 
of high-purity barium carbonate, zirconium oxide, cerium 
oxide, ytterbium oxide, and yttrium oxide powders (all from 
SIGMA ALDRICH CHEMICALS™) were mixed by ball 
milling in ethanol for 48 h, followed by drying in an oven and 15 
calcination at 1100° C. in air for 10 h. The calcined powder 
was ball milled again, followed by another calcination at 
1100° C. in air for 10 h. 
FIG. 3 shows the electrical conductivity of 
BaZr0 _1Ce0 _7Y 0 _1Yb0 _10 3 samples (sintered pellets) mea-
sured at 500-800° C. in air. The values of conductivity are also 
20 shown in the Table 3. 
To prepare electrolyte samples for the conductivity mea-
surement, we pressed the calcined powders isostatically into 
adiskat274.6 MPa. The greendiskshadadiameteroflO mm, 
with a typical thickness of 1 mm. The disks were then sintered 
at 1500° C. for 5 h in air (relative density >96%). 
Platinum paste was then applied to both sides of electrolyte 
disks and fired at 900° C. for 30 min to form porous platinum 25 
electrodes. Two platinum wires were attached to each of the 
electrodes. The electrical conductivities were studied in dry 
and wet oxygen, H2 , argon, and 4% H2 (balanced with argon) 
at different temperatures. The wet gases were prepared by 
passing the corresponding gases though a water bubbler at 30 
25° C. to bring in -3 v % of water vapor. 
Comparing Purity 
FIG. 1 shows some typical XRD patterns of 35 
BaZr0 _1Ce0 _7Y 0 _1Yb0 _10 3 powders fabricated from Ce02 and 
Zr02 powders of different particle sizes. The use of powder 
(a) with nano-sized Zr02 and micro-sized Ce02 produced a 
pure perovskite phase without impurity peaks, while that of 
powders (b) and ( c) resulted in second phase( s) of impurities 40 
such as BaC03 ( o) and BaZr03 (D), as indicted by the shoul-
ders and additional small peaks between the major peaks. 
Analysis suggests that the samples derived from powder (b) 
with nano-sized Ce02 and micro-sized Zr02 have secondary 
phases of BaC03 and BaZr03 . The samples derived from 45 
powder (c) with Ce02/µm and ZrOiµm contain secondary 
phase BaZr03 but not BaC03 . 
In contrast, the pure single phase samples derived from 
powder (a) is probably due to a complete reaction of raw 
materials. Since the weight of Ce02 is approximately 10 50 
times that of Zr02 , the intimate contact between the two 
precursors would be the highest for CeOiµm and Zr02/nm. 
On the other hand, the volume of Zr02/µm is too small in the 
raw materials of powder ( c) to disperse uniformly, and the 
particle size distributions are inadequate when fabricated by 55 
CeOiµm and ZrOiµm. 
FIG. 2 shows XRD patterns ofBaZr0 _1Ce0 _7Y 0 _1Yb0 _10 3 
pellets fabricated from Ce02 and Zr02 precursors with dif-
ferent particle sizes. Clearly, sample (a) has a pure perovskite 
phase after sintering at 1500° C. for 5 hours, as indicated by 60 
the lack of extra peaks or shoulders. In contrast, there are still 
some impurity phases associated with BaC03 and BaZr03 in 
samples (b) and ( c ). It is also found that the BaZr03 phase in 
sample ( c) remained even after being fired at higher tempera-
tures. 65 
Consequently, FIGS. 1 and 2 show that the BZCYYb pre-
pared by the method of the present invention has significantly 
It is easily seen that BZCYYb pellet with micron-sized 
Ce02 and nano-sized Zr02 precursors (Sample a) displayed 
much higher conductivity, reaching 9.19x10-2 g-1cm- 1 at 
800° C. 
It is therefore concluded that nano-sized Zr02 and micron-
sized Ce02 precursors effectively facilitated formation of 
pure perovskite phase and eliminated the segregation of the 
BaZr03 phase, thereby enhancing the overall electrical con-
ductivity. 
TABLE3 
Ionic conductivity data ofBZCYYb fabricated from (a) Ce02 µm and 
Zr02 nm powders. (b) Ce02 nm and Zr02 µm powders. 
Temperature Ionic conductivity cg-l cm-1) 
cc c.) (a) (b) 
400 0.0065 0.0005 
450 0.0112 0.0007 
500 0.0169 0.0011 
550 0.0235 0.0018 
600 0.0308 0.0028 
650 0.0403 0.0043 
700 0.0513 0.0064 
750 0.0682 0.0096 
800 0.0919 0.0147 
Using the Electrolyte in Tubular SOFC 
Both cell architecture and electrode micro structure greatly 
influence the performance and reliability of SOFC systems. 
The tubular SOFC configuration shows advantages over pla-
nar SOFC systems, including higher mechanical integrity, 
better thermal-cycling behavior, and simpler gas manifolding 
and sealing. 
Although tubular SOFCs have been extensively reported in 
the literature, little attention has been paid to the proton and 
oxide ion mixed conducting electrolyte for intermediate tem-
perature SOFC (IT-SOFC) applications. In this discussion, 
the progress of our high performance tubular SOFCs, based 
on our well-developed BaZr0 _1Ce0 _7 Y0_ 1Yb0 _10 3 _0 
(BZCYYb) [6] system, is reported. 
The tubular SOFCs with a Ni-BZCYYblBZCYYblLSCF-
BZCYYb configuration were fabricated as follows: 
First, the BZCYYb powder prepared as described in 
Sample A, with nano-sized Zr02 and micro-sized Ce02 as 
precursors, was synthesized by a solid-state reaction. Then, 
US 8,993,200 B2 
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defects. The uniform microstructure in our anode appreciably 
increases the grain connection and gas transport while main-
taining adequate mechanical strength. Therefore, the anode 
layer is a good porous support and is beneficial for gas per-
powders of NiO (ALFA™, USA), BZCYYb, and graphite 
were mixed in a weight ratio of 65:35: 10 with ethanol by ball 
milling for 24 hours. After drying, the mixture was then 
mixed with triethanolamine (ALFA™, USA), dibutyl phtha-
late (ALFA™, USA), polyethylene glycol (RICHARD E. 
MISTLER™, INC., USA), and polyviyl butyral (RICHARD 
E. MISTLER™, INC, USA), and ball-milled for 24 hours to 
obtain a uniform and stable ceramic slurry. 
5 meation. 
FIG. 5 shows the typical performance of a single cell tested 
at 600-750° C. It yielded peak power densities of0.57, 0.63, 
0.81, and 1.13 W cm-2 at 600, 650, 700, and 750° C., respec-
tively, when hydrogen was used as fuel and ambient air as 
10 oxidant. The open circuit voltage (OCV) varied from 1.04 to 
0.98 Vas the temperature was increased from 600 to 750° C. 
This slurry was then transferred to a vessel and degassed at 
room temperature under a -1x10- 1 bar vacuum for 10 min-
utes. A glass rod was then dipped into the ceramic slurry and, 
after a few seconds, it was lifted out. The layer of the 
NiOBZCYYb slurry left on the glass rod was driedin air. This 
dip-coating process was repeated several times to obtain the 
desired thickness of the tubular anode support. After drying in 15 
air, the tubular anode was easily removed from the rod. 
Second, a thin layer of BZCYYb (-12 µm) electrolyte, 
powder prepared as described in Sample A (with nano-sized 
Zr02 and micro-sized Ce02 as precursors), was deposited on 
the anode support by a similar dip-coating process followed 20 
by co-firing at 1400° C. for 5 hours. 
Third, a LSCF-BZCYYb slurry was made using the pow-
der BZCYYb prepared as described in Sample A (with nano-
sized Zr02 and micro-sized Ce02 as precursors) and the 
slurry was then brush painted onto the BZCYYb electrolyte 25 
and fired at 1000° C. for 2 hours to form a porous cathode 
(-15 µm). 
The resulting anode-supported tubular SOFCs had a typi-
cal length of -2.0 cm, an outside/inside diameter of -5.0 
mm/4.5 mm, and an effective cathode area of -1.0 cm2 . 30 
The microstructure of the anode-supported tubular SOFCs 
was revealed using a scanning electron microscope (SEM, 
LEO 1530) equipped with energy dispersive x-ray spectros-
copy (EDS). The single tubular SOFCs were sealed on 
ceramic support tubes with silver paste. Hydrogen at a flow 35 
rate of30 seem (standard cubic centimeters per minute) and 
ambient air were used as fuel and oxidant, respectively. The 
I-V curves and power outputs of the test cells were monitored 
using anARBIN™ fuel cell testing system (MS TAT). Imped-
ance spectra were acquired using a SOLARTROWM 1255 40 
HF frequency response analyzer, interfaced with an EG&G™ 
PAR potentiostat model 273A. The frequency of the imped-
ance measurement ranged from 100 kHz to 0.01 Hz and the 
AC amplitude was 5 m V. 
FIG. 4(a) shows the overall microstructure of an anode- 45 
supported tubular SOFC with -200 µm anode, -12 µm elec-
trolyte, and -15 µm cathode. 
FIG. 4(b) shows that the electrolyte and the electrode lay-
ers are well adhered. The interfaces show no observable 
This OCV is close to the theoretical value calculated from 
the Nemst equation. The high OCV values indicate that the 
gas leakage through the electrolyte was negligible and the 
prepared electrolyte is very dense without any cracks or 
defects. To the best of our knowledge, these power densities 
are the highest ever reported for tubular SOFCs based on a 
BZCYYb electrolyte. The power densities at intermediate 
temperatures, i.e. 0.57 W cm-2 achieved at 600° C., are espe-
cially exceptional and are more than twice as high as those 
reported for similar cells produced by phase-inversion 
method [6]. 
The high performance at intermediate temperatures in this 
work is attributed primarily to the significant reduction of the 
ohmic resistance of the tubular cells. A similar behavior has 
been reported by Suzuki et al. for tubular fuel cells with 
Ni-YSZ anodes [7]. The performance may be further 
enhanced by other modifications, such as catalyst infiltration 
[8]. 
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delamination or cracks. The porous anode layer, close to the 50 
electrolyte, with small sponge-like pores, is considered to be 
the functional layer of the anode where the electrochemical 
reactions take place. Furthermore, the small sponge-like 
pores adjacent to the electrolyte layer allow the BZCYYb 
particles to penetrate into the Ni-BZCYYb functional layer 
when the BZCYYb electrolyte film is prepared by the dip-
coating process. It is expected that optimization of the anode-
electrolyte interface microstructure will decrease the anode 
polarization by increasing the triple phase boundary (TPB) 
lengths. 
FIG. 4(c) shows that the electrolyte layer is very dense, 
without any open cracks or pinholes. The co-firing process 
produced a uniform, homogeneous, and dense BZCYYb 
electrolyte with a thickness of -12 µm. 
60 
FIG. 4(d) shows that the anodes have uniform sponge-like 65 
porous micro structures with typical pore sizes in the range of 
a few microns, and the tubes are free of cracks or other visible 
9. U.S. Pat. No. 7,595,127 
What is claimed is: 
1. A method for preparing a homologous phase BZCYYb, 
comprising the steps of: 
a) obtaining at least ingredients in i), ii), iii), iv) and v) in 
stoichiometric amounts: 
i) barium carbonate powder having an average particle 
diameter in about 1 nanometer to about 1000 nanom-
eter range, 
ii) zirconium oxide powder having an average particle 
diameter in about 1 nanometer to about 1000 nanom-
eter range, 
US 8,993,200 B2 
11 
iii) cerium oxide powder having an average particle 
diameter in about 1 micrometer to about 1000 
micrometer range, 
iv) ytterbium oxide powder having an average particle 
diameter in about 100 nanometer to about 200 nanom-
eter range, and 
v) yttrium oxide powder; 
b) mixing the ingredients from step a); 
c) calcining a resulting mixture; and 
d) optionally repeating steps b) and c) to obtain the 
homologous phase BZCYYb. 
2. The method of claim 1, wherein step a) further comprises 
mixing stoichiometric amounts ofNiO or LSCF to the mix-
ture. 
3. The method of claim 1, wherein the mixing is done in 
ethanol. 
4. The method of claim 1, wherein the mixing step 1s 
carried out by ball milling in ethanol. 
12 
5. The method of claim 1, wherein the calcining step is 
carried out at approximately 1100° C. in air for approximately 
10 hours. 
6. The method of claim 1, wherein the average particle 
diameter of the zirconium oxide powder is in about 50 
nanometer to about 200 nanometer range. 
7. The method of claim 1, wherein the average particle 
diameter of the cerium oxide powder is in about 1 micrometer 
to about 20 micrometer range. 
10 
8. The method of claim 1, wherein the yttrium oxide pow-
der has an average particle diameter in about 100 nanometer 
to about 200 nanometer range. 
9. An improved method of making a BZCYYb material by 
mixing and calcining ingredients thereof, wherein the 
improved method comprises using about 200 nanometer 
15 sized barium carbonate powder, about 50 nanometer to about 
100 nanometer sized zirconium oxide powder and about 5 
micrometer sized cerium oxide powder as starting ingredi-
ents. 
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